Although endothelin-receptor antagonists reduce albuminuria in diabetic nephropathy, fluid retention limits their use. Here, we examined the effect of atrasentan, a selective endothelin A receptor (ET A R) antagonist, on albuminuria in a randomized, double-blind, placebo-controlled trial of subjects with diabetic nephropathy already receiving stable doses of renin-angiotensin system (RAS) inhibitors. We randomly assigned 89 subjects with eGFR Ͼ20 ml/min per 1.73 m 2 and a urinary albumin-to-creatinine ratio (UACR) of 100 to 3000 mg/g to placebo or atrasentan (0.25, 0.75, or 1.75 mg daily) for 8 weeks. Compared with placebo, atrasentan significantly reduced UACR only in the 0.75-and 1.75-mg groups (P ϭ 0.001 and P ϭ 0.011, respectively). Compared with the 11% reduction in the geometric mean of the UACR from baseline to final observation in the placebo group during the study, the geometric mean of UACR decreased by 21, 42, and 35% in the 0.25-, 0.75-, and 1.75-mg atrasentan groups (P ϭ 0.291, P ϭ 0.023, and P ϭ 0.073, respectively). In the placebo group, 17% of subjects achieved Ն40% reduction in UACR from baseline compared with 30, 50, and 38% in the 0.25-, 0.75-, and 1.75-mg atrasentan groups, respectively (P ϭ 0.029 for 0.75 mg versus placebo). Peripheral edema occurred in 9% of subjects receiving placebo and in 14, 18, and 46% of those receiving 0.25, 0.5, and 1.75 mg atrasentan, respectively (P ϭ 0.007 for 1.75 mg versus placebo). In summary, atrasentan, at the doses tested, is generally safe and effective in reducing residual albuminuria and may ultimately improve renal outcomes in patients with type 2 diabetic nephropathy. 22: 763-772, 201122: 763-772, . doi: 10.1681 Diabetic nephropathy (DN) continues to be the most common cause of ESRD, despite attempts at rigorous control of hyperglycemia and hypertension. 1,2 The addition of renin-angiotensin system (RAS) inhibitors to reduce the deleterious effects of excessive renal angiotensin receptor activation has been the only kidney-specific therapy developed for DN during the past 10 years. Although treatment with RAS inhibitors shows reductions in albuminuria in association with delays in chronic kidney disease (CKD) progression, 3, 4 there remains a significant unmet need to develop therapies that completely prevent progression to ESRD or even induce regression of glomerular pathology. 5 The endothelin (ET) system is chronically activated in patients with diabetes and in preclinical models as evidenced by elevated circulating levels of endothelin-1 (ET-1), 6 enhanced kidney ET-1 concentrations, 7 and increased renal and systemic endothelin A receptor (ET A R) activa-
Diabetic nephropathy (DN) continues to be the most common cause of ESRD, despite attempts at rigorous control of hyperglycemia and hypertension. 1, 2 The addition of renin-angiotensin system (RAS) inhibitors to reduce the deleterious effects of excessive renal angiotensin receptor activation has been the only kidney-specific therapy developed for DN during the past 10 years. Although treatment with RAS inhibitors shows reductions in albuminuria in association with delays in chronic kidney disease (CKD) progression, 3, 4 there remains a significant unmet need to develop therapies that completely prevent progression to ESRD or even induce regression of glomerular pathology. 5 The endothelin (ET) system is chronically activated in patients with diabetes and in preclinical models as evidenced by elevated circulating levels of endothelin-1 (ET-1), 6 enhanced kidney ET-1 concentrations, 7 and increased renal and systemic endothelin A receptor (ET A R) activa-tion. 8 Glomerular ET A R, but not ET B R, activation promotes podocyte and mesangial cell dysfunction, leading to proteinuria and glomerulosclerosis. 9 A recent clinical trial with avosentan, an endothelin receptor antagonist that likely blocked both ET A R and ET B R, reduced albuminuria in patients with macroalbuminuria and type 2 diabetes, although significant safety concerns related to fluid retention resulted in early trial termination. 10 Atrasentan is a highly selective ET A R antagonist with an approximate 1800:1 selectivity for ET A R to ET B R. 11 Such ET A R, as opposed to ET B R, selectivity may be ideal for targeting the ET pathogenicity in DN. The purpose of this randomized, double-blind, placebo-controlled clinical trial was to prospectively evaluate the efficacy and safety of atrasentan for the reduction of residual albuminuria in subjects with type 2 DN who were receiving stable doses of angiotensin converting enzyme inhibitors (ACEIs) or angiotensin receptor blockers (ARBs).
RESULTS
The disposition of study subjects is shown in Figure 1 . Of the 239 subjects screened, 89 subjects comprised the intent-totreat population and were randomly assigned to one of four treatment groups: placebo (n ϭ 23), atrasentan 0.25 mg daily (n ϭ 22), 0.75 mg daily (n ϭ 22), or 1.75 mg daily (n ϭ 22).
Patient Characteristics
Baseline demographic, clinical and biochemical characteristics, and concomitant therapies were balanced between the four groups (Table 1) . At baseline, 27% of subjects had 30 to 200 mg/g creatinine, 72% of subjects had Ͼ200 mg/g creatinine, and 26% of subjects had an estimated GFR Ͼ60 ml/min per 1.73 m 2 . The majority of subjects (87%) were white, and the mean age of the study population was 64 years.
Primary and Secondary Outcomes
The primary efficacy analysis, comparing treatment group differences between each atrasentan group and placebo for change from baseline to each postbaseline assessment (after a log transformation) using a repeated-measures analysis showed that urinary albumin-to-creatinine ratio (UACR) was significantly reduced during the course of the 8-week treatment period in the 0.75-and 1.75-mg groups (P ϭ 0.001 and P ϭ 0.011 versus placebo, respectively; Figure 2 ). For the 0.75-mg group, a significant treatment effect was seen as early as week 1 (P ϭ 0.005) and was sustained to the last treatment visit (week 8) of the study (P ϭ 0.008). The modest UACR reduction in the 0.25-mg group was not significant (P ϭ 0.150).
Multiplicity adjustments were not made among the three pairwise comparisons for the primary efficacy analysis because this was an exploratory phase 2a study. However, if a Bonferroni adjustment is made post hoc to adjust for multiplicity of Figure 1 . Disposition of subjects during the study. Subjects may have had more than one reason for discontinuation.
CLINICAL RESEARCH www.jasn.org comparisons among three pairs, the study can still claim success because the significance level of 0.017 (0.05/3) was achieved by the prespecified primary efficacy analysis in the 0.75 mg (P ϭ 0.001 versus placebo) and 1.75 mg groups (P ϭ 0.011 versus placebo).
The geometric mean reduction from baseline to final UACR was significantly greater in the 0.75-mg group (42% reduction) compared with placebo (11% reduction, P ϭ 0.023). For the 1.75-mg group, the effect did not quite meet significance (35% reduction, P ϭ 0.073), whereas the reduction by the 0.25-mg group (21% reduction, P ϭ 0.291) was not significant compared with placebo. A significantly greater proportion of subjects in the 0.75-mg group achieved at least a 40% reduction from baseline to final UACR compared with placebo (50 versus 17%, P ϭ 0.029; Figure 3 ). The proportion achieving Ն40% reduction in UACR in the 1.75-and 0.25-mg groups was 38 (P ϭ 0.179) and 30% (P ϭ 0.473), respectively. The proportion of subjects achieving Ն25% reduction was not significantly different compared with placebo (39%) for any of the treatment groups: 0.25 mg, 40% (P ϭ 0.999); 0.75 mg, 68% (P ϭ 0.075); 1.75 mg, 62% (P ϭ 0.227).
There was an early and sustained reduction in systolic BP (SBP) in the 0.75-mg group (P ϭ 0.038 by repeated-measures analysis versus placebo) as shown in Figure 4A . The mean change from baseline to week 8 of treatment SBP was Ϫ0.3 mmHg in the 0.25-mg group (P ϭ 0.834 versus 0.7 mmHg in placebo), Ϫ8.8 mmHg (P ϭ 0.049 versus placebo) in the 0.75-mg group, and Ϫ7.6 mmHg (P ϭ 0.086 versus placebo) in the 1.75-mg group. There was also an early and sustained decrease in diastolic BP (DBP; Figure 4B ) in the same treatment groups ( Figure 4B ), where the mean change from baseline to week 8 of treatment was Ϫ0.5 mmHg in the 0.25-mg group (P ϭ 0.753 versus Ϫ1.4 mmHg in placebo) Ϫ5.8 mmHg in the 0.75-mg group (P ϭ 0.132 versus placebo), and Ϫ7.4 mmHg in the 1.75-mg group (P ϭ 0.042 versus placebo).
Linear regression models (path analysis) to study the relationship between change in SBP and change in log UACR suggested that the SBP response was associated with only a minor portion of the UACR reduction (Ͻ21% of the total treatment effect). There were no significant differences in the mean change from baseline in estimated GFR (range, Ϫ2 to 2 ml/min per 1.73 m 2 for all three dose groups across postbaseline visits) or body weight (range, Ϫ1.0 to 1.1 kg for all three dose groups across postbaseline visits; Figure 1 ; Appendix) between atrasentan dose groups and placebo. There were significant reductions in hemoglobin concentrations induced by atrasentan (Figure 2 ; Appendix), consistent with the known vasodilatory and thus hemodilutional effect of this class of compounds. The mean change from baseline to week 8 of treatment was Ϫ0.7 g/dl in the 0.25-mg group, Ϫ0.4 g/dl in the 0.75-mg group, and Ϫ0.9 g/dl in the 1.75-mg group compared with 0.1 g/dl for placebo (P Ͻ 0.001, P ϭ 0.015, and P Ͻ 0.001, respectively).
All of the changes in UACR, BP, and hemoglobin returned toward baseline values at the 30-day follow-up visit in the atrasentan 0.75-mg and 1.75-mg groups.
All subjects received concomitant RAS inhibitors per the study inclusion criteria. Thirty-eight percent of subjects received the maximum dose as recommended by the product label. To evaluate whether concomitantly taking the maximum dose of RAS inhibitors could influence the effect of atrasentan on UACR, a post hoc analysis was conducted. Subjects were dichotomized by those who received maximum doses of RAS inhibitors versus those who did not; the treatment-by-subgroup interaction on log UACR for change from baseline to final observation was not significant (P ϭ 0.816), indicating that the treatment effect of atrasentan was present regardless of the level of RAS inhibition (Figure 3 ; Appendix). In the same model for subgroup analysis, the effect for subgroup was not statistically significant.
Pharmacokinetic parameters for atrasentan on day 1 of treatment and the mean concentrations at each of the visits (weeks 2, 4, 6, and 8) are presented in Tables 2 and 3 , respectively.
Diuretic use (48 to 68%) was similar among the treatment groups throughout the study (11, 12, 15, and 11 sub- jects in the placebo and 0.25-, 0.75-, and 1.75-mg groups, respectively). Loop diuretics (furosemide or torsemide) were the most common type in 8, 5, 10, and 9 subjects, respectively (80 to 97% of treatment days), followed by distal diuretics (hydrochlorothiazide, chlorthalidone, or metolazone) in 5, 9, 6, and 2 subjects, respectively (85 to 100% of treatment days). Spironolactone was used in one placebo subject (all treatment days), and triamterene was used in three subjects (one in 0.25 mg for 76 days and two in 0.75-mg group for all treatment days).
Adverse Events
There was a significantly higher proportion of adverse events considered to be at least possibly related to study drug only in the 1.75-mg group (59 versus 22% in placebo, P ϭ 0.016). Two subjects each from the 0.75-and 1.75-mg groups discontinued the drug prematurely because of one or more of the following adverse events: congestive heart failure and coronary artery disease (nonemergent cardiac catheterization) in the 0.75-mg group and hypotension, angioedema, headache, and peripheral edema in the 1.75-mg group. The most common adverse event was peripheral edema, which showed a dose-response relationship: placebo, 9%; 0.25 mg, 14%; 0.75 mg, 18%; 1.75 mg, 46% (P ϭ 0.007 for placebo versus 1.75 mg). Peripheral edema was reported as mild in two subjects and moderate in two subjects in the 0.75-mg group and as mild in nine subjects and moderate in one subject in the 1.75-mg group. One subject was discontinued from the study because of angioedema (in the 1.75-mg group). Combining these two MedDRA preferred terms (peripheral edema and edema), the impact of edema on subjects' percentage change in UACR was examined ( Figure 5 ). The analysis indicated that the treatment effect of atrasentan 0.75 mg was independent of the occurrence of edema.
Serious adverse events were observed in 0% of placebo, in 5% of the 0.25-mg group, in 14% of the 0.75-mg group, and in 5% of the 1.75-mg group (Table 4) . Only one serious adverse event was considered to be possibly related to study drug, occurring in a subject in the 0.75-mg group who developed accelerated hypertension and diastolic heart failure approximately 3 weeks after starting treatment that was quickly reversed with BP control and diuretic therapy. This subject had a baseline N-terminal pro-brain type natriuretic peptide (NT-pro BNP) NT-pro BNP level that was Ͼ20-fold higher than normal before receiving atrasentan, which may have reflected subclinical diastolic heart failure. The protocol was amended shortly thereafter to exclude subjects with a NT-pro BNP of 500 pg/ml or greater.
There were two additional nonserious adverse cardiovascular events (atrioventricular block, coronary artery disease), one each in the 0.75-mg and 1.75-mg groups, which were considered by the investigator to not be related to the study drug. There were two nonserious adverse events of acute renal failure, both occurring in the 0.75-mg group. One occurred in a Data presented as mean Ϯ SD. T max , time to C max ; C max , maximum plasma concentration; AUC 0 -6 , area under the plasma concentration time curve from 0 to time to last sample. CLINICAL RESEARCH www.jasn.org subject with a baseline serum creatinine of 2.0 mg/dl, rising to 3.3 mg/dl, 5 days after an increase in diuretic dose and 7 days after starting treatment (corresponding to a BP change from 127/73 to 115/60). Serum creatinine fluctuated between 3.3. and 2.4 through week 7 and then rose to 4.0 mg/dl at week 8 (BP 113/80). The 30-day post-treatment creatinine and BP were 1.9 mg/dl and 145/64, respectively. The other event was prerenal azotemia occurring after the subject, who had a history of percutaneous transluminal coronary angioplasty, was discontinued at study week 5 for nonemergent coronary artery bypass grafting.
There were no significant changes in serum sodium, hepatic enzymes, or bilirubin in any of the atrasentan treatment groups compared with placebo.
DISCUSSION
This study showed that atrasentan, a selective ET A R antagonist, is safe and efficacious in treating residual albuminuria over an 8-week period in subjects with type 2 DN who are on stable doses of RAS inhibitors. The UACR-lowering effect, which occurred early after drug initiation, was sustained throughout the treatment period for the 0.75-and 1.75-mg doses but was not significant in the lowest dose group. Although both of the effective doses were associated with significant lowering of BP, the major effect of atrasentan on UACR reduction was independent of the BP change. The finding that estimated GFR did not change during treatment suggests that ET A R antagonism of efferent vasoconstriction may not be the dominant mechanism for its albuminuria-lowering effect, in contrast to the action of compounds that reduce renal angiotensin receptor activation and decrease estimated GFR over a similar time frame. 3, 4 However, more definitive testing of changes in true GFR and renal plasma flow will be necessary to determine whether filtration fraction is favorably altered in response to atrasentan.
An acceptable safety profile of atrasentan treatment was observed in this trial, although the treatment period was relatively short. Only one serious adverse event related to fluid retention occurred in a subject with a history of cardiovascular disease. It is notable that this subject began treatment with a markedly elevated NT-pro-BNP that predicted an impending acute event, 12 and it is therefore unclear what role atrasentan had in this case. Nevertheless, we believe that patients who are at high risk for developing congestive heart failure should be appropriately assessed for that risk before initiating ET A R antagonist therapy. Although it was expected that peripheral edema would constitute the majority of adverse events, it is reassuring that a clear dose-response relationship was seen, a low relative rate of edema occurred with the atrasentan dose that had the greatest effect on albuminuria reduction (0.75 mg), and most episodes were mild in severity. Although mild edema was most common, even with the highest dose studied, the frequency was significantly higher than observed with placebo, and therefore 1.75 mg of atrasentan may ultimately be a limiting therapeutic dose because greater efficacy was not established compared with the 0.75-mg group. We attribute the low incidence of edema to the doses studied and to atrasentan's chemical structure, which provides an approximate 1800 fold selectivity for ET A R:ET B R. However, concerns about fluid retention will continue to be an important management issue in patients taking ETR antagonists, and a better understanding of how both receptor systems are involved with sodium excretion continues to be elucidated. Current evidence supports using a highly selective ET A R antagonist because of the importance of ET B R in mediating sodium excretion. The ET B R, located in the collecting duct, is crucial for normal sodium excretion. 13 Studies in mice with collecting duct-specific knockout of ET A R and/or ET B R have established that ET B receptors are of primary importance in mediating ET-1 inhibition of renal sodium reabsorption [13] [14] [15] [16] ; inhibition of ET B R is highly likely, therefore, to cause fluid retention. ET A R blockade is also associated with vasodilatation and may also promote fluid retention; however, the mechanisms responsible for this, if it does occur, are poorly understood.
The clinical relevance of fluid retention with the use of ET A R antagonists in patients with diabetes and CKD became apparent in recent studies that examined the effect of avosentan on albuminuria lowering 17 and on CKD progression. 10 In the dose ranging, 12-week study of albuminuria reduction, treatment-emergent edema occurred in all of the avosentan treatment groups (5, 10, 25, and 50 mg) in a dose-related manner (9 to 24% incidence) that was significantly greater than in the placebo group (4%). 17 In the larger hard endpoint trial, 45 and 46% of subjects in the avosentan 25-and 50-mg groups, Figure 5 . The effect of atrasentan on change in UACR from baseline to final visit is independent of edema occurrence during treatment.
respectively, reported symptomatic edema compared with 31% in the placebo group (P Ͻ 0.0001) after a median treatment period of 4 months. These high rates of edema were associated with a higher incidence of chronic heart failure-related adverse events in the avosentan 25-(6%) and 50-mg (4%) groups compared with placebo (2%), which was a major reason for the study's premature termination. 10 Although the mechanism of the edema formation is not fully understood, one likely possibility is that the relatively high doses of this ET A R antagonist may have induced partial blockade of renal ET B R despite its 50:1 selectivity of ET A R to ET B R binding. 9 In contrast, the doses of atrasentan in this study may have limited the incidence of edema through incomplete ET A R blockade, allowing the endogenous ET-1 to bind at both ET A R and ET B R sites, limiting the systemic vasodilatory effects expected with unopposed ET-1 binding at ET B Rs.
The finding that SBP and DBP were reduced was not unexpected because it is known that ET A R-mediated vasoconstriction may contribute to hypertension in CKD. 18 However, the small sample size may have contributed to a larger mean change in SBP observed in this study. Moreover, this study was not designed to look for a BP effect using more rigorous monitoring conditions, such as ambulatory BP measurements. Future trials that use a run-in period to establish adequate BP control before baseline and include ambulatory BP monitoring will be critical for observing the true effect of atrasentan on change in BP.
ET A R antagonists likely act to reduce glomerular hypertension by decreasing efferent arteriolar vasoconstriction to reduce filtration fraction. 19 ET A R antagonists may directly attenuate podocyte dysfunction through downregulation of TGF␤ and inhibition of macrophage infiltration. 20 In a recent study of a type 1 DN model, 21 the addition of an ET A R antagonist to RAS blockade in animals with established DN resulted in reduced albuminuria and regression of glomerulosclerosis. These changes coincided with increased podocyte nephrin expression, decreased accumulation of TGF␤ and collagen III, reduced macrophage infiltration, and increased expression of matrix metalloproteinase-9, the enzyme principally involved with matrix degradation. 21 Despite the controlled and double-blinded design of this study, the limitations of small sample size, short duration of treatment, and absence of ambulatory BP readings require that a larger and longer study be performed for confirmation. The study was also limited by the absence of quantitative measures of renal hemodynamics to quantify potential changes in filtration fraction and renal vascular resistance. The short duration of observation also precludes identifying additional potential long-term safety concerns, such as liver enzyme elevation, which have been identified with this class of compounds. 22 We expect, however, that hepatic abnormalities will not be a concern because atrasentan's chemical structure is not expected to induce hepatic enzymes given that it is a carboxylic acid derivative rather than a sulfonamide derivative, and there is a shown liver safety profile observed in long-term studies with patients taking larger doses of atrasentan. 23 The results of this study are restricted to the population of patients with type 2 diabetes who have residual albuminuria while receiving RAS inhibitors and who have not had a history of heart failure. Several large clinical trials with drugs that intervene in the RAS have shown that reductions in albuminuria are associated with long-term renoprotective effects, and the observed protection from ESRD may be independent of changes in BP control. 3, 4 As a result, reductions in UACR have been proposed as a surrogate outcomes marker, and therefore, it is expected that the large magnitude of reductions in UACR observed in our study may translate into improved renal and potentially cardiovascular outcomes in hard endpoint trials, because a reduction in albuminuria by 30% of baseline within the first 6 to 12 months of treatment in patients with kidney disease has been shown to predict long-term renal 24 and cardiovascular outcomes. 25 These results will need to be confirmed in larger size, placebo-controlled, randomized clinical trials.
In conclusion, atrasentan may offer an additional therapeutic benefit to the current standard of care using RAS inhibition for albuminuria reduction in patients with type 2 DN. Outcome-driven clinical trials will ultimately be required to establish its long-term safety and efficacy in slowing or preventing the progression to ESRD.
CONCISE METHODS

Study Design
This was a randomized, double-blind, placebo-controlled clinical trial that enrolled subjects from 21 sites in the United States and Puerto Rico between June 2009 and June 2010. There were 239 subjects screened, and 89 subjects were randomly assigned to receive atrasentan or matching placebo for 8 weeks. Subjects were examined at baseline, every week during the treatment phase, and 30 days after treatment withdrawal. BP and pulse (measured twice at each visit, and the average was used for the analyses), adverse events, concomitant medications and adherence to medication regimens, and blood chemistry were assessed at each visit. For each subject, two first morning void urine specimens collected on 2 consecutive days before each scheduled visit were collected, and the geometric mean of two UACR measures was calculated and used as the UACR value for the visit to be included in data analysis.
Randomization was stratified into two strata defined by baseline UACR (thresholds of 1000 and Ͼ1000 mg/g). The randomization schedule was computer generated by the study sponsor, and the randomization was implemented using an Interactive Voice Response System. Subjects were assigned in a 1:1:1:1 ratio to placebo and atrasentan doses of 0.25, 0.75, or 1.75 mg daily within each stratum. Study medication was masked and packaged by the study sponsor and distributed to sites through the Interactive Voice Response System as masked study drug kits. The study investigator, study subjects, and study sponsor's personnel involved with analysis and collection of study data were completely blinded to the subject's treatment group assignment during the study. Subjects randomization assignments were not disclosed until all database issues had been resolved and the study database was locked.
Subjects
Eligible subjects were enrolled if they had type 2 diabetes and had been taking anti-diabetic medications for at least 1 year before screening and had received a stable dose of an ACE inhibitor or ARB for at least 2 months, had an estimated GFR Ͼ20 ml/min per 1.73 m 2 by the abbreviated Modified Diet in Renal Disease formula, and a UACR between 100 and 3000 mg/g. 26 Female subjects were postmenopausal for at least 1 year or were surgically sterile. The main exclusion criteria included a history of significant peripheral edema, heart failure, pulmonary edema, or loop diuretic therapy of Ͼ60 mg/d of furosemide (or equivalent) and recent coronary arterial disease. The full list of inclusion and exclusion criteria is found in Appendix 1.
Subjects received their usual care for diabetes and cardiovascular protection. If the subject's BP exceeded 130/80 mmHg, anti-hypertensive medication (not including RAS inhibitors) was increased or added to obtain acceptable BP control based on current guidelines. Dose alterations of ACE inhibitors or ARBs were not allowed after randomization. Diuretics were added for new onset or worsening edema at the discretion of the investigator according to the protocolspecified guidelines; subjects not taking a loop diuretic could receive a loop diuretic; subjects taking a loop diuretic could receive increased doses (50% increase suggested as the initial increment). The study protocol was approved by an independent ethics committee and local and central review boards, and all subjects provided written informed consent.
Efficacy Parameters
The protocol-specified primary efficacy measure was change from baseline to each postbaseline observation in UACR over the course of the treatment period. The secondary efficacy measures included the proportion of subjects achieving at least a 40 and 25% reduction from baseline in the last on-treatment UACR level and mean change in estimated GFR. The same endpoints (for efficacy or safety) were used to assess the changes 30 days after stopping treatment.
UACR was assessed by a central laboratory using an immunoturbidemetic method. Subjects were required to collect two consecutive first morning void urine samples before each scheduled visit. The geometric mean of the two samples was used as the UACR visit value for subjects included in the analyses.
Pharmacokinetic Evaluation
For all subjects in the study, blood samples for plasma atrasentan concentrations were collected before dosing (0 hours), at 0.25, 1, 2 hours, and anytime between 4 and 6 hours after dosing on treatment day 1. Additionally, for all subjects, one blood sample was collected before dosing (0 hours) at treatment weeks 2, 4, 6, and 8 of the treatment phase.
Pharmacokinetic Variables
Atrasentan pharmacokinetic parameters including maximum plasma concentration, time to maximum plasma concentration, and area under the plasma concentration time curve from 0 to time to last sample were calculated for concentration data on treatment day 1 using noncompartmental methods. In, addition atrasentan plasma trough concentrations were summarized for pharmacokinetic data on treatment weeks 2, 4, 6, and 8.
Safety Evaluation
Safety endpoints were evaluated weekly and 30 days after treatment withdrawal and included vital signs (e.g., SBP and DBP), body weight, liver enzymes, hemoglobin, and adverse events. Automated BP measurements were performed twice with the appropriate cuff size in the nondominant arm at 2-minute intervals after 5 minutes of rest while in the sitting position, and the mean value was recorded.
Statistical Analysis
The sample size of 20 per arm was planned to allow the study to have at least 85% power to detect a group difference of Ϫ0.42 in mean change from baseline to final observation in log-transformed UACR between an atrasentan group and the placebo group (this difference corresponds to a 34% between-group reduction of geometric mean change in UACR from baseline to final) at the one-sided significance level of 0.05. A common SD of 0.46 was assumed. The sample size was adjusted to allow for one to two subjects per group without any UACR data after randomization.
All analyses were performed on the intent-to-treat population, which was comprised of the data from all randomized subjects who had received at least one dose of study drug. The primary efficacy analysis was a mixed-effect, maximum likelihood, repeated-measures analysis for change from baseline to each postbaseline assessment of log UACR. The model contained the terms of treatment, visit, treatment-by-visit interaction, baseline measurements, and baseline-byvisit interaction with unstructured as the variance-covariance structure. The primary treatment group comparison was for the overall effect; however, the comparison at each time point was also performed. The secondary efficacy analysis for log UACR was an analysis of covariance of change from baseline to final observation. The model included the terms of treatment with baseline as the covariate. Similar statistical models were applied to evaluate treatment group differences in other continuous efficacy or safety variables, such as estimated GFR, SBP, DBP, and hemoglobin. Treatment group differences in binary random variables, such as the proportion of subjects who achieved at least 40% reduction on UACR and the incidence of treatment-emergent adverse events were evaluated using Fisher's exact test.
Path analysis 27 was used to test whether atrasentan 0.75 or 1.75 mg had a direct effect on UACR reduction after controlling for its therapeutic effects of lowering SBP. Two regression models were used in the path analysis: (1) change in log UACR ϭ a 0 ϩ a 1 ϫ treatment ϩ a 2 ϫ change in SBP ϩ a 3 ϫ baseline in log UACR ϩ a 4 ϫ baseline SBP ϩ e 1 and (2) change in SBP ϭ b 0 ϩ b 1 ϫ treatment ϩ b 2 ϫ baseline SBP ϩ b 3 ϫ baseline log UACR ϩ e 2 .
In the analysis, a 1 quantifies the direct effect and is tested by a t test; b 1 ϫ a 2 represents the indirect effect and its significance is tested by a Sobel's t-ratio. 28 The percentage of direct effect of the total effect (defined as a 1 ϩ b 1 ϫ a 2 ) and the indirect effect of the total effect were calculated. The significance of the total effect can be tested by testing the treatment
